Mesenchymal stem cells (MSCs) have been extensively used for cell therapies and tissue engineering. The current MSC strategy requires a large quantity of cells for such applications, which can be achieved through cell expansion in culture. In the body, stem cell fate is largely determined by their microenvironment, known as the niche. The complex and dynamic stem cell niche provides physical, mechanical, and chemical cues to collaboratively regulate cell activities. It remains a great challenge to maintain the properties of MSCs in culture. Constructing a microenvironment as an engineered stem cell niche in culture to maintain MSC phenotypes, properties, and functions is a viable strategy to address the issue. Here, we review the current understanding of MSC behavior in the bone marrow niche, describe different strategies to engineer an in vitro microenvironment for maintaining MSC properties and functions, and discuss previous findings on environmental factors critical to the modulation of MSC activities in engineered microenvironments.
Introduction
Mesenchymal stem cells (MSCs) were first described in a series of studies by Friedenstein in the 1960s. 1, 2 He identified the cell in bone marrow that is able to adhere to the surface of a tissue culture plate and generate skeletal tissues, including bone and cartilage, during heterotopic implantation. [3] [4] [5] Cell populations with similar properties were also found in many other tissues, such as adipose tissue 6, 7 and umbilical cord blood. 8, 9 It was later confirmed that MSCs are multipotent, and, with appropriate induction signaling, the cell can differentiate into bone, cartilage, adipose, and muscle lineage cells in culture. [10] [11] [12] In vivo, MSCs are tightly controlled by the stem cell niche/microenvironment to regulate their activities. Specifically, the microenvironment provides physical and biochemical cues to regulate a Both of these authors contributed equally to this manuscript.
MSC behavior. 13 On the other hand, when cultured in vitro without the presence of regulatory cues, MSCs often behave and function differently. Changes in their phenotypic properties during cell culture increase the challenge of obtaining highquality cells for MSC-based therapies. It is therefore essential to develop approaches that can effectively retain MSC properties after the cell is isolated and cultured in vitro, and one of the most promising approaches is to construct a culture environment that imitates the MSC niche to enhance the quality of cultured cells.
Since bone marrow-derived MSCs are the most commonly used cell type that has been extensively studied among MSCs from different tissue sources, we focus the discussion here on bone marrowderived MSCs and environmental cues identified in the bone marrow niche. We discuss challenges in maintaining MSC properties and functions during culture and describe different strategies that have been used to address the challenges.
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Mesenchymal stem cell-based therapeutic applications
With the capability to proliferate in culture and differentiate into cells of multiple musculoskeletal lineages, MSCs have become a promising cell source for stem cell-based musculoskeletal tissue engineering and regenerative medicine.
14, 15 In preparation for applications, MSCs are harvested from adult tissues, such as bone marrow expanded in cell culture, and then transplanted into the body or seeded in a three-dimensional biomaterial scaffold for generation of new tissue. During the process of tissue formation, MSCs are induced by chemical factors, such as growth factors, steroids, and small molecules, and often simultaneously stimulated by mechanical loading and circulated oxygen and nutrients provided in a bioreactor to differentiate into a tissuespecific cell type. For generation of musculoskeletal tissues in vitro, it is particularly critical to involve a bioreactor for cell culture because the device can provide mechanical cues needed to mature an engineered tissue. For example, studies have shown that cyclic compression and tensile strain are able to facilitate cartilage 16, 17 and tendon/ligament formation, respectively. 18, 19 Mature engineered tissue can then be implanted to replace or repair damaged or degenerative tissue to restore its functions. The tissue engineering approach, as just described, has been used to generate musculoskeletal tissues, such as bone, 20,21 cartilage, 22,23 intervertebral disc, 24-27 and ligament/tendon. 28, 29 Another application of MSCs is to transplant cells as therapeutic agents for disease treatment. The procedure of transplantation can be performed with either cultured or uncultured MSCs suspended in a saline solution. After delivery to the site of injury, transplanted MSCs are induced to produce trophic factors, such as vascular endothelial growth factor (VEGF), transforming growth factor-␤ (TGF-␤), and platelet-derived growth factor (PDGF), to instruct local cells to participate in tissue repair and regeneration.
30-32 For example, systematic or local administration of MSCs to treat acute myocardial infarction has been performed in animal models and human patients. 33, 34 Results of these studies suggest that injected MSCs do not become cardiomyocytes but help enhance the compliance of scarred heart muscle for improving heart function.
Immunomodulation is one of the essential characteristics of MSCs that has been increasingly recognized as a unique feature for disease treatment. The immunomodulatory capacity of the cell can regulate immune activities of a recipient receiving MSC transplantation, which allows therapeutic applications to be performed in either an autologous or allogenous host without safety concerns and makes the cell very attractive for resolving inflammation and encouraging tissue repair. 17 In fact, MSCs have been used in clinical trials to treat inflammatory diseases, such as graft-versushost disease 35, 36 and inflammatory bowel disease.
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Recent evidence has shown that beneficial effects on tissue repair after MSC injection may result from immune modulation mediated by the cell rather than differentiation of the cell to regenerate tissue.
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When tissue inflammation occurs due to injury or insult, immune cells, such as neutrophils and macrophages, are recruited to the site of inflammation and induced to release chemotactic factors to attract endogenous or transplanted MSCs to move to the site. The mechanisms by which MSCs are induced to modulate immune cells are not fully understood, but a great deal has been learned about MSC immunomodulation in recent years. It is known that MSCs require cytokines, such as interferon-␥ , tumor necrosis factor-␣ (TNF-␣), and interleukin-1␣ (IL-1␣), and interleukin-1␤ (IL-1␤), to activate their immunomodulatory capability. [40] [41] [42] The cell can also be activated by Toll-like receptor (TLR) ligands to exert immunomodulatory effects. Depending on the type of TLRs on the MSCs being activated, the cell can trigger either a pro-or antiinflammatory response. Waterman et al. reported that TLR4-primed MSCs, classified as MSC1, are proinflammatory inducers, whereas TLR3-primed MSCs, classified as MSC2, are anti-inflammatory ones. 43 To reduce inflammation, MSCs secrete immunomodulatory molecules, such as TGF-␤, nitric oxide, indoleamine 2,3-dioxygenase (IDO), TNF-␣-stimulated gene/protein 6, prostaglandin E2 (PGE2), IL-1 receptor antagonist, IL-10, and an antagonistic variant of chemokine C-C motif ligand 2 (CCL2), to regulate cells of the innate and adaptive immune systems. [44] [45] [46] [47] It has been shown that these molecules can suppress T cell proliferation 1, 13, 15 and differentiation 14 or induce apoptosis of the cell 40 to modulate the immune response. On the other hand, MSCs can be induced to produce IL-6 and IL-8, which leads to an increase in proinflammatory response. In addition, MSCs can alter the balance between various T cell subsets to exert a protective effect by increasing anti-inflammatory T H 2 cells and decreasing proinflammatory T H 1 cells, 48 modulate B cell proliferation, 16 and inhibit IL-2-induced natural killer cell proliferation. 49 It has also been reported that MSCs can reprogram macrophages and dendritic cells to produce more anti-inflammatory cytokines but fewer proinflammatory ones through the induction of IDO and PGE2.
50,51

Current challenges of MSC-based therapies
While MSC-based therapies are promising for disease treatment, a number of challenges remain before the cell can be used in extensive clinical applications. The major issue lies in a need for MSC expansion after the cell is harvested from bone marrow. Because MSCs only account for approximately 0.01% of mononuclear cells in the bone marrow, 52 expanding the cell in culture is almost always necessary to obtain a sufficient number of cells for subsequent applications. For example, millions of MSCs are required for most tissue engineering applications. Since the environment in culture is distinct from that in the body, cultured MSCs are inclined to alter their behavior and activities in response to the environmental change. For example, during cell culture, the production of stromal cell-derived factor-1 and IL-7 in MSCs was greatly reduced, an indication of loss of the capability to support hematopoiesis. 53, 54 It has also been shown that the expression of cell surface antigens on MSCs changes during cell culture. Qian et al. demonstrated that uncultured MSCs do not express CD44 but begin to express the surface protein after being plated in culture; more than 90% of the cultured cells express CD44 in 8-10 days. 55 In contrast to an increase in CD44, the expression of CD106 and CD271 on MSCs is decreased after the cell is harvested and cultured. [56] [57] [58] The change in the expression of surface markers of MSCs during cell culture indicates that the MSC phenotype is tightly regulated by the microenvironment in culture, which has also been shown to affect migration, proliferation, and differentiation of the cell. [59] [60] [61] In addition, a study conducted by Churchman et al. reported that the transcriptional profile of native MSCs is largely different from that of culture-expanded MSCs. 62 They further demonstrated that MSCs undergoing the procedure of cell culture downregulate the expression of osteogenic and adipogenic markers.
In addition to the changes in cell activities described above, the morphology of MSCs gradually switches from spindle-shaped to flat and wellspread during cell culture, 63 indicating that MSCs undergo cellular senescence, proliferate slowly, and eventually stop growing. 63, 64 Cellular senescence often occuring in cells after an extensive culture period results from shortening of telomere length and/or DNA damage due to accumulation of reactive oxygen species. [65] [66] [67] As a result of cellular senescence, MSCs tend to lose their multilineage differentiation potential. Studies have shown that senescent MSCs are less inducible for osteogenesis, adipogenesis, and chondrogenesis 63, 68 and less capable of immunomodulation than at early passages. 69 These issues deriving from in vitro cell expansion greatly affect the quality of MSCs for therapies, which limits their applications for tissue regeneration or immunomodulation.
Since the behavior of MSCs in culture is regulated by the environment to which they are exposed, the undesired cell response is induced mostly by suboptimal culture conditions. 70, 71 One of the factors that may cause suboptimal culture conditions is the composition of culture medium. Basic culture medium composed of minimum essential medium alpha or Dulbecco's modified Eagles medium and 5-20% of fetal bovine serum (FBS) is commonly used to support MSC growth. 72, 73 However, FBS is an animal product that contains proteins different from those in human bone marrow to which native MSCs are exposed. Other factors that may also lead to suboptimal culture conditions include dimensionality of the culture substrate and oxygen tension. While MSCs in bone marrow are grown in a three-dimensional environment with a low level of oxygen tension, 74 the cell in culture is generally seeded on two-dimensional tissue culture plastics in an incubator with atmospheric oxygen levels. 72 These discrepancies in the MSC growth environment between in vivo stem cell niches and in vitro culture conditions result in differences in cell behavior after native MSCs are harvested and plated in culture.
Stem cell niche
The concept of a stem cell niche was first introduced by Schofield in 1978. 75 The niche refers to the unique microenvironment that forms both an anatomical location and a functional unit and where stem cells reside in vivo, encompassing a number of components, including stem cells, neighboring nonstem cells, the extracellular matrix (ECM), cell adhesion molecules, soluble factors, neural fibers, and vascular networks. 76 For example, it has been reported that tenascin-C is a critical ECM molecule in the bone marrow niche required for hematopoietic regeneration, on the basis of evidence demonstrating that the expression of tenascin-C is dramatically increased during hematopoietic recovery after myeloablation. 77 Hematopoietic stem cells in the niche require the aid of E-selectin, a cell adhesion molecule expressed on endothelial cells (ECs), to promote attachment to vascular networks for proliferation. 78 In addition to the ECM and adhesion proteins, biological functions of stem cells are also regulated by their neighboring cells in the niche. For example, activities and hematopoietic functions of hematopoietic stem cells in the bone marrow are supported by the signals of soluble factors secreted from their surrounding osteoblasts and MSCs or by cell-cell interactions between these cells. 79, 80 It is clear that niche components work coordinately to regulate activities of stem cells.
Studies of mammalian stem cell niches have demonstrated that stem cells residing in the niche are maintained in a quiescent state to keep them from being depleted prematurely. [81] [82] [83] Stem cells remain quiescent most of the time in the niche, regulated by coordinated signals from environmental factors; however, when disruption of the niche occurs, stem cells leave the quiescent state and begin to proliferate and/or differentiate, resulting in reduction in the number of cells in a stem cell pool. 84 Since studies of MSCs and the bone marrow niche have just begun to emerge, much of the knowledge about the stem cell niche to date has not come directly from MSC studies. However, it is believed that MSCs may share similar behavior with hematopoietic stem cells in response to environmental cues in the bone marrow. In the following sections, we focus on research findings of MSC behavior in the bone marrow and strategies to precisely regulate MSC activities in culture.
Mesenchymal stem cells in the bone marrow niche
When first discovered in the 1960s, MSCs were described and defined on the basis of their properties and functions in cell culture or heterotopic sites of implantation. 4 Recently, the activities of the cells and their regulation in the bone marrow have begun to be unveiled. For example, to study activities of MSCs in vivo, Muguruma et al. transplanted human MSCs into the intramedullary compartment of femoral bone in immunocompromised mice. Their results have shown that the transplanted cell can integrate with the host bone marrow and differentiate into pericytes, myofibroblasts, stromal cells, osteoblasts, and osteocytes in bone, 85 suggesting that MSCs in the bone marrow niche can undergo lineage-specific differentiation to become a number of different cell types. However, there is an additional challenge associated with MSC identity to address: it is unclear, among the heterogeneous cell populations in the bone marrow, which are the MSCs and where the cells are located.
Recently, with the advancement of techniques in cell labeling and tracking, researchers have been able to mark and follow a cell population of interest in vivo to study functions and properties of MSCs directly in their bone marrow niche rather than in cell culture or at heterotopic sites of implantation. For example, Mendez-Ferrer et al. used green fluorescent protein to label a cell population that expresses nestin in murine bone marrow. Nestinexpressing bone marrow cells that colocalized with hematopoietic stem cells express all of the MSC characteristics and can remain quiescent in the bone marrow niche. 80 Using the lineage-tracing method, they also revealed that nestin-expressing MSCs are able to contribute to bone remodeling by differentiating into osteoblasts, osteocytes, and chondrocytes. Other research groups have used similar strategies to study properties and activities of MSCs in vivo. Park et al. performed a study in which they demonstrated that, in response to tissue stress, Mx1-expressing bone marrow cells with MSC features migrate to injury sites and differentiate into osteoblasts during fracture healing. 86 They further used a method based on single-cell transplantation to demonstrate that Mx1-expressing MSC-like cells yield progeny that can both preserve progenitor functions and express osteogenic capability. Besides nestin-and Mx1-expressing MSCs, Zhou et al. in another study identified a population of MSCs in bone marrow expressing leptin receptor (LepR). 87 They demonstrated that LepR-expressing cells fulfill all of the criteria that define MSCs and are able to give rise to bone and fat in adult bone marrow. They further showed that LepR-expressing cells are normally quiescent in bone marrow but begin to proliferate to regenerate bone in response to injury. While these studies suggest that there may be at least three cell populations possessing MSC characteristics in the bone marrow, the findings that LepR-expressing cells are able to commit to the adipogenic lineage but nestin-or Mx1-expressing cells cannot indicate they may be different cell populations. Progress in identifying the cell with MSC behavior has been made in recent years. For example, a population of gremlin-1-expressing cells within mouse bone marrow was identified through a fate-mapping approach, and the cell is capable of self-renewal and generating osteoblasts, chondrocytes, and reticular marrow stromal cells but not adipocytes. 88, 89 Skeletal stem cells are induced by growth factors, such as bone morphogenetic protein-2 (BMP2) or VEGF, in the niche to specify the differentiation fate toward osteoblasts, chondrocytes, or stromal cells to maintain homeostasis of the skeletal system. Collectively, it is known that MSCs or MSC-like skeletal cells with different surface identities are a small fraction of bone marrow cells and normally remain quiescent in the niche until physiological needs, such as repair of tissue injury, arise; they then begin to proliferate and differentiate into a tissue-specific cell type.
Current strategies used to construct the bone marrow niche in vitro
To retain MSC functions and activities in vitro, intracellular and extracellular engineering strategies have been developed. The intracellular engineering strategy is mediated mainly through genetic modification, 90 whereas the extracellular engineering strategy focuses on optimizing the culture condition. 91 However, a genetically modified cell likely becomes mutated, raising a safety concern for clinical applications. An emerging strategy has been applied to construct an in vitro microenvironment imitating a stem cell niche to maintain properties of MSCs in culture. A number of approaches have been developed to achieve this goal, including modulation of oxygen and glucose, engineering of the ECM, optimization of stiffness of the culture substrate, coculture of MSCs and other types of bone marrow cells, and administration of soluble factors.
Modulation of oxygen and glucose in culture
MSCs in the bone marrow reside in a microenvironment with a low oxygen tension, typically ranging from 1% to 8%, depending on the distance from the vascular network. 74 Because physiological oxygen tensions that MSCs are normally exposed to in vivo are way below levels of ambient oxygen, researchers have managed to culture the cell under hypoxic conditions to control cell metabolism in culture. It has been shown that maintaining MSCs under hypoxia decreases the accumulation of reactive oxygen species in the cell, which leads to a reduction in DNA damage and a delay in cellular senescence. 92 The approach of culturing MSCs in hypoxic conditions also greatly extends the life span of the cell, contributing to an increase in the total number of accumulative population doublings. 64, 68 In addition to an impact on cell growth, hypoxic culture conditions also affect the transcriptome of MSCs. Basciano et al., in their study investigating effects of hypoxia on MSCs in long-term culture, demonstrated that hypoxia dictates transcriptional profiles of the cell to sustain the undifferentiated status and multipotent capacity.
There are several signaling pathways that have been identified as being involved in the hypoxia-induced regulation of MSC activities. Hypoxia-inducible factor-1␣ (HIF-1␣) is a key molecule regulated in the oxygen-induced signaling pathways. 93, 94 For example, phosphorylation of AKT and p38 mitogen-activated protein kinase in MSCs is increased by hypoxic induction, in turn promoting HIF-1␣ to translocate from the cytosol to the nucleus to bind to the target DNA, which leads to enhanced chondrogenesis with an increase in the expression of collagen type 2 and sex-determining region Y-box 9 and proteoglycan production. 95 Another study showed that MSCs under hypoxic conditions are directed toward the osteogenic lineage with upregulated expression of runtrelated transcription factor 2 (RUNX2) and away from the adipogenic lineage with downregulated expression of peroxisome proliferator-activated receptor ␥ through differential regulation of the HIF-1␣-mediated pathway. 96 In addition to modulating multilineage differentiation, hypoxia is able to delay cellular senescence through increased production of macrophage migration inhibitory factor (MIF) and activation of AKT signaling. 64 Among all the pathways related to metabolic regulation, the PI3K/AKT signaling pathway is considered the dominant one by which stem cell activities are modulated in response to induction of environmental factors, such as oxygen and glucose. 97 In this signaling pathway, PI3K and AKT can activate the mechanistic target of rapamycin (mTOR) and its downstream molecule HIF-1␣ or suppress forkhead box protein O (FOXO) as well as downstream reactive oxygen species. Several groups have demonstrated that the PI3K/AKT/mTOR and the PI3K/AKT/FOXO3a signaling pathways are associated with MSC survival in culture or animal models. 98, 99 It has also been demonstrated that activation of the PI3K/AKT signaling pathway is critical to increasing hypoxia-induced proliferation and differentiation of MSCs into ECs. 100 Glucose is the major energy source in the human body and has been used in culture to grow a variety of cell types, including MSCs. Previous studies examining the general effects of glucose on nonstem cells have accumulated substantial information 101 that can be shared to improve our understanding of MSC behavior regulated by glucose in the niche. The emerging interest in MSCs for therapies has resulted in cumulative research evidence to elucidate the importance of glucose on the regulation of MSC activities. 102 Because the physiological level of glucose in the serum of a healthy individual is maintained at around 1 mg/mL by hormones, such as insulin and glucagon, the glucose concentration that MSCs are exposed to in the bone marrow niche should be around the same level. Therefore, if a glucose concentration in the niche or in culture is significantly changed due to diseases or experimental manipulation, the change of glucose concentration likely leads to alteration of MSC properties and activities. For example, culturing MSCs with 4.5 mg/mL high-glucose medium reduces their proliferation as well as inducing premature cellular senescence. 103, 104 The concentration of glucose in culture has a big impact on multilineage differentiation. Osteogenesis of MSCs is upregulated in culture with high-glucose medium compared with low-glucose medium. 105 Our group has demonstrated that culturing MSCs with high-glucose medium for cell expansion and then inducing them for chondrogenic differentiation decreases the chondrogenic capacity of MSCs by modulating the activities of protein kinase C and TGF receptor. 106 Our findings are interesting because they not only suggest that, for effective cartilage formation in vitro, it is desirable to expand MSCs in low-glucose culture but also indicate that abnormality of the glucose level in the body, such as hyperglycemia, may impair the chondrogenic capacity of MSCs. Glutamine is an essential amino acid for peptide synthesis, amino sugar synthesis, and nucleotide production and acts as a source of carbon for oxidation in some cells. 107 Like glucose required for the maintenance and promotion of cell functions, glutamine is equally important for the same reason. Glutamine is a required additive to most culture media and is also used as an energy source in culture when glucose levels are low and energy demands are high. For example, when glucose metabolism is less efficient in hypoxic culture, cells may use glutamine for energy. Previous studies have demonstrated that, under normoxic conditions, glutamine is not used as an energy source by MSCs for cell growth;
108,109 however, there is more glutamine consumption by MSCs in hypoxic culture than in normoxic culture. 110 
Engineering of the ECM
The ECM is a key component of the bone marrow niche. 76 It provides adhesion molecules for MSC attachment and offers a three-dimensional environment as physical support for the cell. To build the niche ECM for MSCs in culture, researchers have used a number of biomaterials and a variety of fabrication methods to construct three-dimensional constructs/scaffolds for culture of the cell. 111 Within a three-dimensional construct, MSCs are guided by architectural cues of the structure along with or without the support of adhesion molecules, such as fibronectin and arginylglycylaspartic acid, to adopt a three-dimensional spindle-shaped or spheroid-shaped cell morphology, respectively, which is different from a flattened cell morphology in monolayer culture. In general, MSCs maintained in a three-dimensional environment undergo slower cell proliferation and growth than those in monolayer culture, 112, 113 while a three-dimensional culture setup permits the cell to maintain or promote the multilineage differentiation capacity compared with a two-dimensional culture counterpart. 114, 115 Besides dimensionality of the culture substrate, MSCs require appropriate chemical cues generated through binding to ECM proteins to regulate their activities. Analysis of the ECM in bone marrow reveals that it comprises a variety of proteins, including fibronectin; laminin; collagen types 1, 3, 4, 5, and 6; and high-molecular-weight proteoglycans. 116, 117 While a number of studies, each focused on the effects of a particular matrix protein on regulation of MSC proliferation and differentiation, have been performed, [118] [119] [120] [121] the approach using a single matrix protein in these studies does not take the complex ECM composition of bone marrow into consideration. Instead of using a single matrix protein, Hashimoto et al. cultured MSCs in decellularized matrix containing complete ECM proteins derived from bone/bone marrow tissue to demonstrate that the matrix supports proliferation and enhances osteogenic differentiation of MSCs. 122 Chen et al. also demonstrated that, by removing adherent bone marrow cells from a culture plate, a surface containing a number of ECM proteins can be obtained. The ECM-rich surface in culture plates promotes MSC proliferation while keeping the cell undifferentiated, 123 indicating the importance of using complete niche ECM proteins to maintain MSC properties.
The manner by which cells, including MSCs, are regulated after binding to ECM proteins through activation of integrins and their downstream signaling pathways has been well established. 124 In general, each integrin molecule, composed of an ␣ and a ␤ subunit, can recognize different types of ECM proteins to activate a number of signaling molecules, such as focal adhesion kinase (FAK), vinculin, and paxillin, 125 which in turn triggers the signaling pathways, including AKT, ERK, JNK, RhoA, and Rac1, to elicit cellular responses. 126 Previous studies focusing on the ECM regulation of MSCs showed that laminin-5, vitronectin, fibronectin, and collagen type 1 play critical roles in regulating proliferation and differentiation of MSCs through the ERK or AKT signaling pathways.
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Optimization of stiffness of culture substrates Given that physical properties of the niche affect MSC behavior, 127 it is desirable to construct a culture microenvironment with properties similar or identical to those in the niche to maintain MSC activities. A pioneer study in this line of research by Engler et al. concluded that MSC fates are controlled by stiffness of the culture substrate, independent of chemical factors, based on their findings demonstrating that MSCs on a soft matrix are directed into the neurogenic lineage, whereas those on a rigid matrix are directed into the osteogenic lineage. 128 One of the identified mechanisms involved in the regulation of stiffer matrices increasing osteogenic differentiation is via an increase in expression of integrin subunit ␣2 and the activities of Rho kinase, FAK, and ERK1/2. 129, 130 Recently, our group demonstrated that, besides these identified pathways, osteogenesis of MSCs modulated by stiffness of a culture substrate can occur through activation of MIF and the AKT/YAP signaling pathway to regulate the expression of RUNX2. 131 On the basis of the findings of a recent study, it seems that fate commitment of MSCs controlled by matrix stiffness is transient and can be manipulated. Schellenberg et al. reported that MSC differentiation toward the adipogenic or osteogenic lineage is increased on a soft or rigid substrate, respectively, but the propensity becomes less obvious after the cell is transferred to tissue culture plates. 132 On the other hand, recent evidence has shown that MSCs possess mechanical memory obtained from past physical environments that can influence MSC fate. 133, 134 Although details of the mechanism remain elusive, studies have revealed that MSCs possess mechanical memory through activities of microRNA-21. 135 Other than directing lineage specification, matrix stiffness alters MSC division and the cell cycle. Winer et al. demonstrated that MSCs cultured on a soft substrate made of polyacrylamide gel with stiffness similar to that of bone marrow become quiescent by halting progression of the cell cycle but still remain responsive to chemical or physical stimulation. 136 These findings may provide insight into how a niche property participates in the regulation that maintains MSCs in the quiescent state. In terms of regulation of cell mobility, it has also been shown that MSCs are inclined to migrate to a rigid substrate rather than a soft one as a result of more focal adhesion and larger traction forces being established between the cell and a rigid surface than with a soft one. 137 
Coculture of MSCs and other bone marrow cells
Despite a great deal of research effort exploring the potential of MSCs for therapeutic applications, little has been done to investigate the origin of MSCs. Using the cell surface markers CD146, NG2, PDGF receptor ␤, or Stro-1 to label MSCs in vivo, the cell can be located at perivascular sites in a number of tissues, such as bone marrow. 138, 139 With this finding, it was hypothesized that all MSCs are pericytes. 140 However, recent research has demonstrated that pericytes do not behave like MSCs in vivo 141 and that not all MSCs can act as pericytes, 142 suggesting that MSCs and pericytes are likely to be different cell types residing at the same anatomical sites. In bone marrow, MSCs are located either on or around blood vessels, so it is suspected that MSCs and vascular ECs reciprocally regulate each other through paracrine factors and cell-cell interactions. These two types of cells have been cocultured to investigate how MSC activities are affected by ECs, and the results have shown that interaction with ECs increases proliferation and survival of MSCs and directs the cell into the osteogenic lineage. 143, 144 To further enhance the regulation between the cells, Saleh et al. cocultured MSCs and ECs in a spheroid cell pellet that imitates a three-dimensional microenvironment and demonstrated that these two cell types can selfassemble to form an organized structure in which the osteogenic capacity of MSCs is increased, while their adipogenic capacity is decreased. 145 Bone marrow is a complex tissue containing many different types of cells, including hematopoietic cells, immune inflammatory cells, osteoblasts, adipocytes, neural cells, and vascular cells. Other than ECs, MSCs also closely interact with bone cells. In a study investigating the influence of osteoblasts and osteocytes on osteogenic differentiation of MSCs, Birmingham et al. demonstrated that both osteoblasts and osteocytes direct MSCs toward the osteogenic lineage, with osteocytes being more efficient than osteoblasts at driving the induction. 146 When cocultured with adipocytes, MSCs begin to express adipogenic markers, lipoprotein lipase, and leptin as indications of undergoing adipogenesis. 147 These findings suggest that cells of a specific tissue, such as bone or fat, are capable of instructing cocultured MSCs for differential differentiation toward the cell lineage of the tissue. In the bone marrow niche, MSCs are surrounded by hematopoietic stem cells and their progeny, myeloid and lymphoid cells. While the interaction between hematopoietic stem cells and MSCs has been studied for years, 148 mainly focusing on how MSCs as supporting cells provide regulatory signals to maintain functions and activities of hematopoietic stem cells, 80, 149 research exploring how hematopoietic stem cells support MSC activities or how myeloid and lymphoid cells regulate MSC functions have begun to accumulate. 150 For example, when cocultured with immune cells, certain functions of MSCs, such as the immunomodulation capacity, are turned on. A study by Anton et al. demonstrated that macrophages produce paracrine IL-8, CCL2, and CCL5, which stimulate MSCs to produce IL-6, CCL5, and CXCL10 and to increase their migratory capability in response to inflammation and tissue injury. 151 
Administration of soluble factors
Proteomic analysis of interstitial fluid or plasma of bone marrow using two-dimensional gel electrophoresis has shown that bone marrow contains a variety of soluble proteins secreted by MSCs and other types of cells. [152] [153] [154] Since serum albumin precursors make up a huge portion of the proteins, it becomes challenging to quantitatively detect low-abundance proteins, such as growth factors or cytokines, using gel electrophoresis. Alternatively, using antibody arrays to overcome the challenge, Kovac et al. confirmed that there are a number of different cytokines and growth factors in bone marrow and further identified tissue inhibitor of matrix metalloproteinase-1 and leukemia inhibitory factor as being significantly abundant in plasma of the tissue. 155 For applications of regenerative medicine, some of the previously identified soluble factors of bone marrow have been individually tested in MSC culture; however, most of these studies focus on determining effects of a single molecule of interest rather than a combination of multiple molecules on enhancing activities, such as proliferation or lineage-specific differentiation, of MSCs. For example, fibroblast growth factor-2 is one of the soluble factors in bone marrow and has been extensively studied for its capacity to stimulate proliferation and increase the chondrogenic capacity of MSCs by priming the cell or selecting a specific MSC subpopulation for differentiation induction. 156, 157 Considering MSCs in the niche are under the influence It is desirable to have a chemically defined medium with the complete soluble proteins of the bone marrow for MSC culture, but it remains challenging to achieve this goal. Therefore, the strategy of creating a culture environment including the key soluble factors available for regulation of MSC activities seems to be a feasible alternative solution.
Researchers have used the method of conditioned medium or Transwell plates to culture MSCs, allowing the cell to be exposed to a combination of soluble factors. For example, using EC-conditioned medium, Kaigler et al. demonstrated that BMP2, among all the proteins secreted by ECs in culture, is the most potent factor that increases osteogenesis of MSCs. 158 Another study by Saleh et al. has shown that secreted soluble factors from ECs activate several candidate signaling pathways, including FGF, Wnt, BMP, and Notch, to enhance the proliferation and osteogenic differentiation of MSCs. 159 Using Transwell cultures, in which MSCs and ECs are cultured on separate layers, hepatocyte growth factor (HGF) 150 and endothelin 1 160 were identified as being involved in the regulation of MSC activity. In addition to the molecules produced by ECs described above, different soluble factors have also been identified through studies in which MSCs are cocultured with other types of bone marrow cells or treated with conditioned medium from these cells. For example, BMP2 and BMP6 are produced by hematopoietic stem cells in coculture to direct MSC fate and lineage decisions. 161 Another study has shown that Lin-expressing hematopoietic cells secrete TNF-␣; PDGF-␤; WNT1, 4, 6, 7A, and 10A; and secreted frizzled-related peptide-3 and -5 to stimulate proliferation, induce osteogenic differentiation, and inhibit cellular senescence of MSCs in coculture. 162 While it provides an opportunity to simultaneously access a number of paracrine factors in culture, the approach of coculture or conditioned medium still falls short of retrieving the complete soluble factors of the bone marrow. Recently, our group extracted total soluble factors from human bone marrow to treat MSCs in culture and found that bone marrow extract improves proliferation, cellular senescence, and multilineage differentiation of MSCs. We have further identified lipocalin-2 and prolactin as key molecules that are responsible for enhancing MSC activities in culture as well as in an animal model of bone repair. 163 
Conclusions
Two general areas of MSC research have developed since the discovery of MSCs. 164 One is an understanding of the biology of MSCs. In this line of research, researchers have studied MSCs to determine the origin of the cells, characterize their behavior in vivo, and identify the mechanisms that regulate their activities. 164 The other is to utilize the cell for therapeutic applications. MSCs have been evaluated through cell transplantation or tissue engineering in clinical trials for treating osteogenesis imperfecta, cartilage defects, myocardial infarction, liver cirrhosis, and inflammatory diseases. 165 Recently, genome editing has been applied to stem cell therapies. Different genome editing techniques capable of enhancing functions of MSCs have been evaluated, and the success has made MSC-based therapies even more attractive for treating diseases. For example, Chang et al. utilized transcription activator-like effector nuclease to modify MSCs for inducible secretion of HGF to enhance angiogenesis as a potential treatment for vascular diseases. 166 Since the current practices using MSCs for basic science research or translational applications often involve the step of cell expansion, it is essential that, when maintained ex vivo, MSCs are able to retain the phenotypes, functions, and properties as in their tissue niches. Future studies should focus on analyzing the effects of environmental factors of the stem cell niche on MSCs and determining the underlying mechanisms induced by the factors that regulate MSC activities. The knowledge gained from these studies can be used to help researchers develop viable strategies (Fig. 1) to maintain MSC phenotypes and retain their properties in cell culture. For example, it seems to be feasible to establish a culture environment with a well-defined composition of soluble factors, ECM molecules, and oxygen tensions that mimics that of the bone marrow niche to culture MSCs (Fig. 2) . A strategy to create an engineered stem cell niche-like environment in vitro can be applied to basic science studies that aim to understand MSC biology as well as to translational research that aims to enhance MSC activities, such as lineage-specific differentiation and immunomodulation, for clinical applications. 
